Introduction
Esophageal cancer is one of the most intractable of the gastrointestinal cancers and prognosis remains poor even in those patients who undergo surgical resection (1) . To improve the prognosis of esophageal cancer, preoperative chemotherapy followed by surgery is a frequently used and commonly accepted strategy for the management of advanced esophageal cancer. A number of previous studies reported that preoperative chemotherapy improved the survival of esophageal cancer patients who respond to chemotherapy, although the overall response was 30-40% and the prognosis of non-responders remained poor (2) . Thus, it is necessary to overcome this chemoresistance through a better understanding of the molecular mechanism of chemoresistance.
Akt, a serine/threonine kinase, activated by extracellular stimuli in a phosphatidylinositol 3'-kinase (PI3k)-dependent manner, plays a pivotal role in oncogenesis (3) . The Akt kinase family consists of three isoforms: Akt1, -2 and -3, which are closely related to each other and share a high degree of amino acid sequence identity (4, 5) . Studies have reported that the activation of the Akt kinase is frequently observed in a variety of cancers, including the breast, prostate, ovary and pancreas (6) (7) (8) (9) (10) . Thus, activation of the Akt kinase may be associated with increased cell growth and proliferation. Akt has also been implicated in the resistance to apoptosis through multiple mechanisms (11) . Akt is activated by phosphorylation at Ser473 and Thr308 downstream of PI3K. The activated Akt phosphorylates several key apoptotic proteins such as Bad, forkhead transcription factors and nuclear factor-κ B (NF-κB) (12) (13) (14) (15) . In this regard, Akt directly and indirectly phosphorylates Bad, a bcl-2 homology domain 3 (BH-3)-containing protein, promoting its sequestration in the cytoplasm by 14-3-3 proteins and preventing the induction of Bad-mediated apoptosis (11, 13) . The FoxO family of forkhead transcription factors, which enhances the transcription of several pro-apoptotic proteins such as the death-receptor Fasligand and Bim, is phosphorylated and inactivated by activated Akt signaling (12) . In addition, Akt activation also enhances the NF-κB-mediated transcription, probably by increasing the nuclear localization of NF-κB through the phosphorylation of the IκB kinase (14, 15) .
The mammalian target of rapamycin (mTOR) is one of the kinase pathways downstream of the PI3K/Akt pathway and a key regulator of protein synthesis and cell growth, proliferation and viability. In response to mitogen stimulation, mTOR regulates the initiation of RNA translation through two distinct pathways: i) the phosphorylation and activation of ribosomal p70 S6 kinase (S6K1) (16) , and, ii) the capdependent translation via the eukaryotic initiation factor 4E (elF4E) (17) . Overexpression of eIF4E is observed in several types of cancers such as head and neck and gastrointestinal cancers (18, 19) . These findings support the notion that activation of the Akt-mTOR pathway is oncogenic in several cancer types.
A number of in vitro studies have suggested that activation of the PI3K/Akt/mTOR pathway plays an important role in chemoresistance in cancer cells (20) . However, the role of this pathway has not been elucidated in esophageal cancers. At present, several molecules, such as MLH1, MRP and ERCC1, are considered to be associated with chemoresistance in esophageal cancers (21) (22) (23) , but the exact mechanism thereof remains unclear. The aims of the present study were: i) to evaluate immunohistochemically, the relationship between the Akt/mTOR expression and several clinicopathological parameters and the clinical outcome in patients with esophageal cancers treated with chemotherapy, and, ii) to investigate whether Akt-mTOR is a suitable therapeutic target in patients with esophageal squamous cell carcinoma (ESCC).
Materials and methods
Patients and samples. From 1999 to 2004, 195 patients with squamous cell carcinoma of the thoracic esophagus underwent curative resection at the Department of Gastroenterological Surgery, Osaka University Hospital. Of these patients, 51 underwent preoperative chemotherapy followed by surgery and 52 underwent preoperative chemoradiotherapy followed by surgery, while the remaining 92 underwent surgery without preoperative therapy. In our institution, patients with lymph node metastasis at the initial diagnosis are advised to undergo preoperative chemotherapy before surgery. The study subjects were the 51 patients with preoperative chemotherapy and 92 patients without preoperative therapy. The protocol of preoperative chemotherapy was: 70 mg/m 2 cisplatin (CDDP), 35 mg/m 2 adriamycin by intravenous infusion on day 1 and 700 mg/m 2 5-fluorouracil by continuous intravenous infusion for 24 h on days 1-7, every 4 weeks (22) . Surgical resection was performed 4-6 weeks after completion of two courses of this treatment regimen. A resection of the thoracic esophagus and mediastinal lymph nodes was performed as standard procedure. Surgical specimens were fixed in 10% formaldehyde and routinely processed for paraffin embedding. Histological sections (4 μm) were stained with hematoxylin and eosin (H&E) and a representative section from each patient with the deepest tumor infiltration was subjected to immunohistochemistry. In 37 out of 51 patients with esophageal cancer who received preoperative chemotherapy, biopsy samples obtained before preoperative therapy were also subjected to immunohistochemistry.
The study protocol was approved by the Human ethics review committee of the Graduate School of Medicine, Osaka University and a signed consent form was obtained from each subject.
Follow-up. After hospital discharge, patients were seen every month for the first year and every 2 months thereafter. A computed tomography was performed every 4 months for the first year and every 6 months thereafter, and an upper gastrointestinal endoscopy was performed annually. All data were collected and entered prospectively into a database and updated at regular intervals. Complete follow-up information until death or May 2006 was available for all patients. The median follow-up period was 48 months (range, 18-89).
Evaluation of the response to chemotherapy. The clinical response to chemotherapy was evaluated by changes in primary tumor size on a computed tomography scan relative to its size before chemotherapy, based on RECIST criteria (24) : complete response (CR) which represented the disappearance of the tumor, partial response (PR) representing at least a 30% decrease in the sum of the largest diameter, progressive disease (PD) which represented an increase of at least 20% in the sum of the largest diameter and stable disease (SD) which had insufficient shrinkage to qualify as PR and insufficient increase to qualify as PD.
The histopathological response to chemotherapy was evaluated by the proportion of viable cancer cells relative to whole cancer tissue on hematoxylin-eosin-stained sections of the surgical specimens according to the Japanese Society for Esophageal Diseases criteria (25) Immunohistological staining procedures and evaluation of the staining. Immunostaining for phospho-Akt (p-Akt) and phospho-mammalian target of rapamycin (p-mTOR) was performed using streptavidin-peroxidase complex methods as previously described (26) . Paraffin sections (4 μm) were deparaffinized and heated in 0.01 M citrate buffer (pH 6.0) for 45 min at 95˚C. The endogenous peroxidase was blocked with 0.3% H 2 O 2 in methanol. The sections were then covered with 10% normal rabbit serum for 20 min at room temperature. These sections were incubated overnight at 4˚C with primary antibodies [p-Akt ser473, dilution 1:100 (Cell Signaling Technology, Beverly, MA) and p-mTOR Ser2448, dilution 1:50 (Cell Signaling)] and then processed by the biotinstreptavidin method using a commercially-available kit, according to the manufacturer's instructions (Histo-Fine SAB-PO kit, Nichirei, Japan). For negative controls, nonimmunized mouse or rabbit IgG serum (Vector Laboratories, Burlingame, CA) was used as the primary antibody, which yielded negative results. Color was developed with diaminobenzidine tetrahydrochloride supplemented with 0.02% hydrogen peroxide and the nuclei were counterstained with Meyer's hematoxylin. An antibody preincubated with antigen peptide was used for negative control tests, which yielded a uniformly negative result.
The immunoreactivities of p-Akt and p-mTOR were evaluated according to the intensity and frequency of positively-stained cells. The staining intensity of each cancer cell was classified as follows: equal to weaker intensity (negative) and stronger intensity (positive), relative to the normal epithelium. Tumors containing >50% positive tumor cells were classified as high expression and those with ≤50% positive tumor cells as low expression. For confirmation, the immunohistochemical evaluation of p-Akt and p-mTOR was repeated twice by two pathologists (A. Y. and H. M.).
Statistical analysis.
The association between the expression measured by immunohistochemistry and clinicopathological parameters was analyzed using the Mann-Whitney U, Spearman's rank correlation, or Fisher's exact test. Changes in p-Akt expression during chemotherapy were analyzed by the Wilcoxon single-rank test. Overall survival was calculated from the date of operation to the occurrence of the event or to the last known date of follow-up. Actual survival was calculated by the Kaplan-Meier and statistically evaluated by the log-rank test. The Cox proportional hazards regression model was used to analyze the simultaneous influence of prognostic factors. In all analyses, the p-value <0.05 was accepted as statistically significant. These analyses were carried out using StatView J5.0 software package (Abacus Concepts, Inc., Berkeley, CA).
Results

p-Akt and p-mTOR expression in the primary ESCC and normal mucosa without preoperative chemotherapy.
We evaluated the expression of p-Akt and p-mTOR in 92 ESCC of patients who did not receive preoperative chemotherapy. p-Akt was not detected in the basal and parabasal layers of the normal stratified squamous epithelium, but was weakly stained in the granular and keratinizing layers (Fig. 1a) .
ESCC cells expressing p-Akt showed positive staining mainly in the cytoplasm and sometimes in the nucleus, whereas the surrounding stromal cells showed little or no staining (Fig. 1c) . To determine the status of mTOR activation downstream of Akt, we examined the phosphorylation status of mTOR using an antibody directed at the phosphorylated mTOR Ser2448, which recognizes the active form of the mTOR kinase (27) . As with the p-Akt expression, the p-mTOR expression was found in the cytoplasm of ESCC cells, but not in the normal mucosa and stromal cells ( Fig. 1d and f) .
Comparison of the p-Akt and p-mTOR expression between
ESCC treated with and without chemotherapy. There were no significant differences in the location of tumor, depth of tumor invasion and tumor differentiation, between patients who received chemotherapy and those who did not. However, a higher percentage of patients who received chemotherapy had lymph node metastasis at the initial diagnosis compared with those who did not (Table I) . We then examined the expression of p-Akt and p-mTOR in the ESCC of patients who received chemotherapy prior to surgery. The incidence of p-Akt-positive ESCC among patients who received chemotherapy [26 out of 51 (51.0%)] was significantly (p=0.0018) higher than that among those who did not [23 out of 92 (25.0%)]. On the other hand, there was no significant difference in p-mTOR expression between ESCC of patients who received chemotherapy and those who did not (p=0.2090) (Table II) . There was no significant correlation between the expression of p-Akt and p-mTOR in 92 ESCC of the patients who did not receive chemotherapy (data not shown).
The high expression of p-Akt is associated with a poor prognosis in the ESCC patients who received chemotherapy. Table III summarizes the relationship between the p-Akt expression and various clinicopathological parameters in the two groups of patients. In patients with ESCC who did not receive chemotherapy, p-Akt expression did not correlate with any clinicopathological parameters except for depth of tumor invasion. In those patients, T3/T4 tumors tended to show a weak expression of p-Akt, compared with T1/T2 tumors. In patients with ESCC who received chemotherapy, the p-Akt expression was not associated with any clinicopathological parameters, including lymph node status, depth of tumor invasion and differentiation of tumor. With regard to the clinical response to chemotherapy and p-Akt expression, a high percentage of non-responders had p-Akt-positive ESCC compared with responders, but the difference between the two groups was not statistically significant.
Kaplan-Meier survival curves were constructed using overall survival. Among the patients who did not receive chemotherapy, the survival of those with a high p-Aktexpressing ESCC was not different from that of patients with a low p-Akt-expressing ESCC (Fig. 2a) . As with the p-Akt expression, the p-mTOR expression was not associated with patient survival in patients with ESCC who did not receive chemotherapy (data not shown). Among patients who received chemotherapy, however, those with a high p-Akt-expressing ESCC had significantly worse prognosis than patients with a low p-Akt-expressing ESCC (3-year survival, 67 vs. 23%, p=0.0058) (Fig. 2b) .
Changes in the p-Akt expression during chemotherapy and clinical outcome. In 37 out of 51 patients ESCC who received preoperative chemotherapy, we used immunohistochemistry to compare biopsy samples obtained before chemotherapy with the surgical specimens after chemotherapy. Among these patients, 9 showed an increased p-Akt expression after chemotherapy but none showed a reduction in the p-Akt expression after chemotherapy, compared with the expression before chemotherapy (Table IV) . Furthermore, the percentage of patients with a high p-Akt expression was significantly higher after chemotherapy versus before chemotherapy [19 (51.4%) versus 10 (27.0%) of 37] (p=0.0348). The evaluation of the association between the changes in p-Akt expression during chemotherapy and clinical outcome, including the clinical response to chemotherapy and survival, showed a tendency for poor clinical response to chemotherapy in 19 patients with a low-to-high or high-to-high expression of p-Akt during chemotherapy, compared with 18 patients with a lowto-low expression of p-Akt (Table V) . This former group of patients exhibited a significant trend towards poor survival, compared with the latter group (p=0.0022) (Fig. 3) . Table I . The clinicopathological features of 143 patients with esophageal cancer who did or did not receive preoperative chemotherapy.
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Univariate and multivariate analyses of the prognostic factors in 51 ESCC patients who received preoperative chemotherapy.
A univariate analysis of 51 patients who received preoperative chemotherapy identified a deeper invasion of tumor and high p-Akt expression, but not lymph node metastasis or histopathological response, to correlate significantly with poor prognosis (Table VI) . The clinical response showed a borderline significance for predicting survival. A multivariate analysis using the three parameters of tumor depth of invasion, clinical response and p-Akt expression, identified p-Akt expression as the only independent and significant determinant of prognosis for patients with ESCC who received preoperative chemotherapy.
Discussion
In the present study, we used immunohistochemistry to evaluate the clinical significance of the activation of the AktmTOR pathway in patients with ESCC who did or did not receive chemotherapy preoperatively and found that preoperative chemotherapy activated Akt in this tumor. In addition, we found that a high p-Akt expression was significantly associated with poor prognosis of patients with ESCC even when they received preoperative chemotherapy. Thus, our study demonstrates the chemotherapy-induced activation of Akt in vivo and its inverse correlation with poor patient survival. The role of p-Akt expression has been investigated recently in various types of cancer patients, and some studies have documented the correlation between Akt activation and tumor invasion, and poor prognosis in solid tumors, such as breast, head and neck and pancreatic cancers (8, 27, 28) . Our data, however, showed that the activation of Akt was not associated with tumor progression and did not affect the survival of ESCC patients who did not receive chemotherapy. In untreated ESCC, the activation of Akt was more often observed in T1/ T2 tumors than T3/T4 tumors. This result suggests that Akt activation may be a frequent and early event in tumorigenesis though it is not involved in tumor aggressiveness in untreated ESCC.
Akt activation plays an important role in protecting cells from undergoing apoptosis. Recent in vitro studies demonstrated that certain chemotherapeutic agents, such as cisplatin and doxorubicin activate Akt in cancer cells by phosphorylation and attenuate chemotherapy-induced apoptosis (9, 20) . Similarly, Akt is phosphorylated and activated by ionizing radiation and its activation confers radioresistance (29) . The inhibition of Akt activation using PI3K inhibitors, such as wortmannin and LY294002, reversed chemoresistance and radioresistance in cancer cells (20, 29) . In our study, a comparison of the p-Akt expression before and after chemotherapy demonstrated that patients with ESCC who show an increased p-Akt expression during chemotherapy tended to have a poor response to chemotherapy, although this tendency was not statistically significant. Moreover, p-Akt overexpression was closely associated with poor prognosis in patients with ESCC who received chemotherapy preoperatively. These results suggest that an inducible activation of p-Akt in the ESCC of patients who received chemotherapy plays an important role in anti-apoptosis and is related to drug resistance and poor survival. Taken together, these results suggest that the combination of Akt signal inhibitors Table IV . Changes in p-Akt expression during chemotherapy in 37 esophageal cancers of patients who received preoperative chemotherapy. 
For abbreviations, see Table II . Wilcoxon singled-rank test.
- Table V . Relationship between changes in p-Akt expression during chemotherapy and clinical response. Low¡low  10  8  18  Low¡high  2  7  9  High¡high  2  8  10  Total  14  23  37 p=0.0959
b NC, no change and PD, progressive disease. Kruskall Wallis test.
- and chemotherapy may be a viable strategy in patients with ESCC.
The activation of Akt after chemotherapy in ESCC can be involved not only in the anti-apoptotic function but also in the stimulation of glycolysis. Warburg (30) indicated that cancer cells preferentially utilize glycolytic pathways for energy generation while down-regulating their aerobic respiratory activity. Although this metabolic shift toward glycolysis has been noted as characteristic of many types of cancer cells, its mechanism remains to be elucidated. Studies recently demonstrated that the activation of Akt is sufficient to stimulate the switch to glycolysis characteristic of cancer cells (31) . Akt activation stimulates the transcription of glucose transporter genes and translocation to the plasma membrane of glucose transporters, and also activates 6-phosphoflucto-2-kinase, a positive regulator of glucose metabolism (32) . This metabolic switch induced by Akt activation renders cancer cells less dependent on an oxygen supply, and may allow them to survive in more a hypoxic environment, such as an environment after radiation therapy or chemotherapy. Genotoxic exposure including chemotherapeutic drugs and ionizing radiation is associated with a reduced glucose uptake and glycolytic metabolism and changes in glucose metabolism after genotoxic damage result in mitochondrial damage, leading to apoptosis (33) . The activation of p-Akt after chemotherapy may be involved in drug resistance, by inhibition of this decrease in glycolytic metabolism leading to apoptosis. Thus, another reason for the high correlation between p-Akt expression and poor prognosis of patients with ESCC who received chemotherapy may be that the chemotherapy-induced activation of p-Akt confers a survival advantage on cancer cells by stimulating glycolysis.
mTOR is a downstream mediator in the PI3K-Akt signaling pathway, and has been recognized as a potential therapeutic target for the treatment of cancer. Studies recently reported frequent mTOR phosphorylation and its significant association with Akt phosphorylation in solid tumors, such as ovarian and non-small cell lung cancer (20, 34) . In the present study, we investigated whether the activation of mTOR parallels that of Akt by immunohistochemistry using an antibody directed at the phosphorylated mTOR Ser2448. However, contrary to our expectations, we found that mTOR phosphorylation did not correlate with Akt phosphorylation in ESCC without and in ESCC with chemotherapy (data not shown). One possible explanation for this disaccord is that mTOR is directly influenced by other stimuli, such as nutrient Table VI . The univariate and multivariate analyses of the clinicopathological factors for overall survival in 51 patients with esophageal cancer who received preoperative chemotherapy. -
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starvation and hypoxia, downstream of Akt in ESCC. mTOR is a major regulator of cellular energy and is constitutively activated in the presence of growth factors and hormones such as insulin and nutrients. mTOR is also regulated by hypoxia and by the ATP level (35) . It was demonstrated that mTOR and its downstream molecules such as 4E-BP1, p70S6K and eIF4G are down-regulated when cancer cells are exposed to hypoxia (36) and that suppression of the mTOR pathway rescued cancer cells from hypoxia-induced necrotic cell death under hypoxic conditions (37) . These findings suggest that the down-regulation of mTOR activity by hypoxia is a cellular energy conservation strategy in cancer cells and favorable for the survival of cancer cells under hypoxic stress. Thus, hypoxic conditions may affect the mTOR function in ESCC.
The mechanisms by which Akt activation disables apoptosis and contributes to clinical drug resistance are unclear. However, recent studies demonstrated that the inhibition of mTOR using rapamycin or its analogue reverses the chemoresistance induced by Akt activation in lymphoma and breast cancer cells, suggesting that Akt-induced chemoresistance is mediated in part by signaling through the mTOR pathway (38, 39) . On the other hand, another study showed that mTOR inhibitors suppressed the phosphorylation of the p70S6 kinase and 4E-BP1 downstream of mTOR signaling, but concurrently and paradoxically increased Akt activation (40) . It was also demonstrated that mTOR inhibition induced the expression of insulin receptor substrate-1 (IRS-1) and the activation of Akt (41) . Thus, mTOR functions downstream of Akt signaling and the effect of mTOR inhibition in cancer cells is complex, requiring further investigation in human cancers including ESCC.
In conclusion, our results showed that Akt activation is significantly increased during chemotherapy in patients with ESCC who receive preoperative chemotherapy, resulting in a clinically poor response to chemotherapy and poor survival. Our findings suggest that the combination of Akt signaling inhibition and chemotherapy may prove to be a successful strategy against ESCC for improving survival.
